The effect of Ag concentrations of up to 0.9 mass% on the precipitation of the strengthening phases in Al-4.6Cu-0.3Mg casting alloy were investigated. Microstructural features were elucidated by optical microscopy, electron probe X-ray microanalysis, measurement of electrical conductivity and differential scanning calorimetry. The microstructure was correlated with Rockwell hardness. The results revealed that the addition of Ag at a concentration of under 0.6 mass% promoted the precipitation of the and 0 phases and the augmentation of hardness of T7 tempered alloys. 0.9 mass% Ag caused the extensive precipitation of the phase, but only mildly suppressed the precipitation of the 0 phase, slightly increasing the hardness. The high density of the precipitates of the phase is responsible for the excellent thermal stability and mechanical properties of the microstructure. The precipitates out before the 0 phase, and does so more quickly, during the aging process.
Introduction
The precipitation-hardened Al-4.6Cu-0.3Mg-0.6Ag alloy (A201) possesses the highest mechanical strength between room temperature and 200 C among the casting aluminum alloys. [1] [2] [3] It has been widely applied in the aviation and military industries, in which materials are frequently subjected to elevated temperatures. [1] [2] [3] The tetragonal structure of 0 phase, with a with a ¼ b ¼ 0:404 nm and c ¼ 0:580 nm, is the primary strength-providing phase of Al-Cu alloy. It forms large rectangular or octagonal plates parallel to the f100g planes of the matrix phase.
4) The addition of small amounts of Ag and Mg to the Al-Cu alloy promotes the formation of fine and uniform dispersions phase. 5, 6) This new phase, with a composition similar to that of CuAl 2 , is designated as , which occurred as hexagonal-shape platelike precipitated on matrix f111g planes. [5] [6] [7] [8] It has a facecentered orthorhombic structure, with a ¼ 0:496 nm, b ¼ 0:859 nm and c ¼ 0:848 nm. 9, 10) The presence of Mg is known to be essential for the precipitation of the phase in Al-Cu alloys, and Ag is known to accelerate the precipitation of the phase. 10) Previous investigations have revealed that the primary strengthening precipitate varies with the Cu/Mg ratio in artificially aged Al-Cu-Mg-Ag alloys. 6, 11) The Cu/ Mg mass ratio of the A201 alloy was around 15; such a ratio favors the formation of phases , 0 and some S. 11, 12) The S phase, CuMgAl 2 , is formed at the expense of the and 0 phases during prolonged exposure at elevated temperatures. 13) The phase formed on the primary slip plane f111g of the aluminum alloys is responsible for the useful mechanical properties of the alloy. 14, 15) Ringer et al. 15) proposed that the phase was stable at up to 200 C, but was replaced by the equilibrium phase (CuAl 2 ) upon prolonged aging at temperatures of 250 C and above. The phase is more stable than the 0 phase at conventional aging temperatures ( 200 C), so the replacement of the phase by the equilibrium phase is slower than that of the 0 phase by the equilibrium phase, indicating that the A201 alloy, in which the phase acts as the primary strengthening phase, exhibits excellent mechanical strength below 200 C. The results of the differential scanning calorimetry (DSC) of the A201 alloy, obtained by Abis et al., 16) demonstrated the peaks that corresponded to the precipitation of the , S 0 and 0 phases overlap between 250 C and 350 C. Tseng et al. 17) quantified the exothermic precipitation of the 0 and phases of the A206 alloy (Al-4.6Cu-0.3Mg) by numerical fitting, to clarify the correlation between the mechanical properties and precipitation.
The formation of Mg and Mg-Ag co-clusters promotes the precipitation of the phase. 18, 19) The strong interaction between Ag and Mg results in the generation of the Mg-Ag co-clusters, which act as effective nucleation sites for the phase. Hono et al. 19, 20) reported that Mg-Ag co-clusters were generated in an Al-Cu-Mg-Ag alloy upon aging for 15 s at 180 C, and that tiny phase domains appeared upon aging for 30 s (180 C). Adding a trace of Ag to the Al-Cu-Mg alloy is well known to stimulate the precipitation of phase and promote the mechanical properties. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] The Ag content of the A201 alloy is between 0.4 and 1 mass%. However, the addition of 0.4 mass% Ag may increase the material costs by 30-40%. 21, 22) Optimizing the mechanical properties of the A201 alloy for use in various settings is therefore very important.
Most previous works in this area have examined the effect of Ag on the precipitation of the phase or have identified the structure of this phase at a constant silver concentration. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Only a few study have analyzed the precipitation kinetics (using DSC), 16, 23) and these have also involved a constant Ag concentration.
Quantitative analysis of the precipitation phases by transmission electron microscopy (TEM) is difficult. 24) This work elucidates the kinetics of precipitation by taking detailed DSC measurements with numerical analysis of the profiles, microstructural analysis and hardness testing. The quantitative analysis of the precipitation of and 0 phases explains the diversity of mechanical properties. This work aims to assess how various Ag concentrations affect the precipitation of the and 0 phases of the Al-Cu-Mg cast alloy.
Experimental Procedure
Four Al-4.6 mass% Cu-0.3 mass% Mg alloys with various Ag concentrations were prepared by melting a commercial A206 alloy in a crucible. Table 1 presents the compositions of alloys A (Ag-free; A206), B (0.3 mass% Ag), C (0.6 mass% Ag) and D (0.9 mass% Ag). After degassing and drossing, the melts were poured into a permanent mold with ASTM B108 specification to prepare the test bars at 750 C. Solid solution treatment was performed at 515 C for 2 h, and subsequently at 525 C for 8 h. The samples were then quenched in water at room temperature, before being artificially aged in an oil bath at 185 C for 0.5 to 150 h. The samples were polished by standard processes and then etched with a 0.5% solution of HF for optical microscopy (OM). The precipitation and dissolution characteristics of the alloys were investigated by differential scanning calorimetry analysis (DSC, SEIKO-DSC6200) and electrical conductivity measurement (Auto Sigma 2000). The DSC scan was conducted at temperatures from 40 to 540 C at a scanning ramp of 10 C/minute. Samples (approximately 20 mg in mass and 3 mm in diameter) used in the DSC experiments were solution-treated, quenched and subsequently loaded into sample pans. The readings of electrical conductivity were obtained as percentages of the international annealed copper standard (%IACS). Hardness measurements were made on a Rockwell-type tester B scale.
Results and Discussion

Microstructure 3.1.1 OM observation
Figures 1(a) and 1(b) show the optical microscopic images of the Ag-free as-cast alloy A and the 0.6 mass% Agcontaining alloy C, respectively. The continuous eutectic phase CuAl 2 appears at the interdendritic and grain boundaries of the -Al matrix in both alloys A and C, and the spherical S (CuMgAl 2 ) phase is also observed, 25, 26) as indicated by arrows 1 and 2, respectively. The microstructure patterns of the Ag-free as-cast alloy and Ag-bearing as-cast alloys are almost identical. Electron probe X-ray microanalysis (EPMA) demonstrates that the CuAl 2 eutectic phase has an approximate composition of 50 mass% Cu and 20 mass% Al, without Ag or Mg. The spherical S phase of alloy A contained approximately 45 mass% Cu and 3.5 mass% Mg, and alloy C contained approximately 45 mass% Cu, 3 mass% Mg and 2.5 mass% Ag. The Mg and Ag concentrations in the S phase of alloys C and D exceed those in the nominal compositions. These findings are similar to those presented by Mukhopadhyay 25, 26) The optical microscopic image of alloy C after solid solution treatment (as-quenched), shown in Fig. 1(c) , exhibits an almost continuous eutectic phase of CuAl 2 as well as the spherical S phase dissolved in the matrix. Only a few CuAl 2 eutectic phases that remain in the matrix can be observed. All solution-treated alloys have similar microstructure patterns, as shown in Fig. 1(c) .
Electrical conductivity measurements and DSC analyses
The dissolution and precipitation of solute atoms influences the lattice structure of the alloys in the form of defects that scatter conduction electrons, resulting in variations in electrical conductivity. 27, 28) Accordingly, measuring electrical conductivity is a useful technique for analyzing the microstructure of heat-treated alloys. Table 2 presents the electrical conductivities of the as-cast (C C ), the as-quenched (after solid solution treatment, C 00 ) and the T7-tempered (185 C oil bath 5 h, C 7 ) alloys. The mostly continuous CuAl 2 eutectic phase and the spherical S phase are dissolved into the matrix following the quenching process, increasing the quantity of defects that scatters conduction electrons. Accordingly, Table 2 indicates that the as-quenched alloys (C 00 ) reduce the electrical conductivity below those of the ascast alloys (C C ).
Similarly, the precipitation of the 0 and phases enhances the electrical conductivity of the samples aged by T7 tempering (C 7 ), leading to reducing the concentration of defects in the matrix. Relative conductivity change is defined by ðC 7 À C 00 Þ=ðC 00 Þ Â 100%, and alloys A, B and C displayed a high relative conductivity at high Ag concentrations (4.10%, 4.78% and 11.76%, respectively), suggesting that a high Ag concentration increases precipitation. However, the relative conductivity of alloy D (9.03%) was below that of alloy C, indicating that adding more Ag to alloy D did not correspondingly increases the precipitation density.
A DSC experiment was performed to evaluate the effect of Ag on the precipitation kinetics of A201 alloys. Precipitation of the strengthening phases of and 0 consumes the supersaturated Cu atoms and increases the electrical conductivity by reducing the quantity of defects in the structures of the matrix as indicated by the exothermic precipitation peaks in the DSC profile. The DSC profiles, shown in Fig. 2 , illustrate the precipitation of the four as-quenched alloys. No precipitation of the phase was detected from the Ag-free alloy A, but this phase was present at 213 C in Ag-containing alloys B, C and D. Moreover, the peaks near 213 C are associated with the precipitation of the phase.
The Cu/Mg ratio of the Al-4.6Cu-0.3Mg-Ag alloy tended to form , 0 and S 0 phases, 11, 12) and the phases that corresponded to the precipitation peaks partially overlapped. 16) In previous studies, the numerical fitting method has been employed to characterize the overlapping peaks, which were interpreted as a superimposition of two normal distribution functions. 17, 29) In this study, the overlapping peaks that corresponded to the precipitation of the metastable , S 0 , 0 and the equilibrium phases were separated by numerical fitting, as shown in Fig. 3 . This interpretation closely matches the experimental data profiles found at temperatures between 200 C and 320 C. This work concerns the characteristics of the and 0 phases; the S 0 phase is not discussed below because it has low density. Additionally, the endothermic behavior before the onset of precipitation of the phase, associated with the dissolution of GP zones, 30) was also simulated by two oppositely directed normal distribution functions. However, this investigation does not address the GP zones. Figures 4(a) and (b) plot the numerically fitted profile for the exothermic precipitation peaks of and 0 phases in the four quenched alloys, respectively. Such fittings improve our understanding of the precipitation behavior of and 0 phases. The heats of precipitation for the phase were 0.21, 1.88 and 2.30 J/g for alloys B, C and D, respectively, as depicted in Fig. 4(a) and Table 2 . The results indicate that higher concentrations of Ag corresponded to precipitation of more of the phase. However, no signal of the phase was detected from the Ag-free alloy A. Table 2 reveal that the heat of precipitation of the 0 phase was 12.00, 13.05, 13.95 and 12.30 J/g for alloys A, B, C and D, respectively. Adding 0.9 mass% Ag to the alloy enhanced the precipitation of the phase and suppressed that of the 0 phase. Both the and 0 phases contain Cu, so the precipitation of a large quantity of the phase consumed the Cu supersaturation of the matrix, depleting the Cu in the matrix, suppressing the precipitation of 0 phase. Figure 5 presents the DSC patterns of as-quenched alloy C aged at 185 C for various durations. The exothermic precipitation peaks of the and 0 phases decrease with aging, indicating that both the and 0 phases continue to precipitate during aging. After 0.5 h of aging, the exothermic precipitation peak of the phase declines markedly, revealing that the phase has been precipitated. A strong exothermic precipitation peak of the 0 phase remains, suggesting that only a limited fraction of the 0 phase was precipitated during 0.5 h aging. The phase was almost fully precipitated after 2.5 h of aging; no exothermic precipitation peak of the phase was detected, yet a significant exothermic precipitation peak of the 0 phase was still found. Therefore, the phase precipitated faster than the 0 phase. Both the and 0 phases precipitated adequately following 5 h of aging (T7 tempering).
Mechanical properties
The density of the and 0 phases dominates the mechanical strength of aged alloys. Figure 6 depicts the results of the hardness test on the four alloys after prolonged aging at 185 C. OM observations indicate that the solid solution treatment (as-quenched) yields almost complete dissolution of the eutectic CuAl 2 and spherical S phases in the matrix. Eliminating these phases softens the as-cast alloys. Subsequent artificial aging precipitates the strengthening phases of and 0 increasing the hardness of the alloys. After 1 h of aging, the hardness of alloy C, strengthened by the and 0 phases, exceeds that of alloy A, which is strengthened only by the 0 phase. The hardness of alloy C The Effect of Silver Content on the Precipitation of the Al-4.6Cu-0.3Mg Alloyreached 95% of the peak hardness after 2 h aging; under the same tempering conditions, however, the hardness of alloy A reached only about 86% maximum values of hardness, indicating that the hardness of Ag-bearing alloys increases more quickly than that of the Ag-free alloy. The maximum values of hardness are HRB 66, 70.1, 75.4 and 75.9 for the aged alloys A, B, C and D, respectively. The maximum hardness is higher at greater Ag concentrations. Following prolonged aging, the hardness of Ag-free alloy A is noticeably lower, and the alloy exhibits characteristics over-aging. The hardness of Ag-bearing alloys B, C and D decreases only slightly after 100 h of prolonged aging, revealing mild overaging. These findings reveal that alloys with a higher Ag concentration form more of the thermally stable phase. Therefore, the high density of the phase provides excellent thermal stability to alloys with a high Ag concentration. Furthermore, Table 2 demonstrates that alloy D contains a large amount of the precipitated phase while the precipitation of the 0 phase is inhibited, indicating that the hardness of alloy D only slightly exceeds that of alloy C.
Conclusions
The effect of the Ag content on the precipitation of the and 0 strengthening phases in Al-4.6Cu-0.3Mg alloys was verified through microstructural examination. The results of this work support the following conclusions.
(1) Alloys with an Ag content of below 0.6 mass% after T7 tempering had large amounts of precipitated and 0 phases and exhibited an associated increase in hardness. (2) Alloys with 0.9 mass% Ag after T7 tempering precipitated a large amount of the phase but exhibited slightly inhibited 0 precipitation, leading to slightly promoted hardness. (3) Alloys with a higher Ag content exhibit excellent thermal stability and a higher-density phase. (4) The electrical conductivity measurements and DSC analysis reveal that the precipitation of the phase occurs before that of the 0 phase during aging and does so more quickly. 
